Host site selection for full-site integration by human immunodeficiency virus type-1 (HIV-1) integrase (IN) from nonionic detergent-lysed virions was investigated. Linear retrovirus-like DNA (469 bp) possessing 3 OH recessed long terminal repeat termini was efficiently inserted by a bimolecular donor reaction into a supercoiled DNA target (2867 bp), producing the HIV-1 5-bp host site duplication. Sequence data were analyzed from 193 donor-target recombinants obtained from the linear 3.8-kb DNA product. The selection of host target sites appeared randomly distributed and was independent of lysis and assay conditions. The fidelity of the 5-bp duplications in comparison to other size duplications was highest (94%) with high-salt (300 mM NaCl) lysis of the virions and 60 mM NaCl for strand transfer using Mg 2/ as the divalent cation. Base sequence analysis demonstrated some biases in the 5-bp duplications at the sites of strand transfer and at the immediate host sequences surrounding the duplications. In addition to the observed duplications, Ç30% of the recombinants isolated from the linear 3.8-kb DNA product contained specific and repetitive small-size deletions. No deletions smaller that 17 bp were observed and the distance between the deletion sets had a periodicity of Ç10 bp. The mechanisms involved in how HIV-1 IN produces the 5-bp duplications and the repetitive host site deletions are discussed. ᭧ 1997 Academic Press
INTRODUCTION
Sequencing of numerous murine leukemia virus DNAtarget recombinants at the viral-host junction demonRetrovirus replication requires the reverse transcripstrated an A/T sequence bias at the immediate host setion of the viral RNA genome into linear DNA and the quences outside of the 4-bp host duplication (Pryciak et subsequent integration of the viral DNA into the host al., 1992). Purified Rous sarcoma virus PIC integrate their chromosomes. For the two-step integration process, the viral DNA termini into target DNA in a nonrandom fashviral integrase (IN) first cleaves a dinucleotide from the ion, with local DNA structural features possibly being an 3 OH termini of the blunt-ended viral DNA (Fujiwara and important factor for the host site selection process (Lee Mizuuchi, 1989; Goff, 1992) . The cleavage of the viral and Coffin, 1991; Kitamura et al., 1992; Withers-Ward et DNA by IN occurs within a high-molecular-weight preinal., 1994) . Although the HIV-1 PIC (Ellison et al., 1990; C. tegration complex (PIC) found in the cytoplasm. The PIC Farnet, personal communication) can catalyze the fullis then transported to the nucleus. Second, IN inserts site reaction, as verified by sequence analysis, only a the recessed viral DNA termini containing LTR sefew recombinants have been sequenced, thus preventing quences into the host DNA by a concerted mechanism in-depth analysis of the mechanisms involved in how (full-site reaction) (Goff, 1992) . The viral DNA is inserted HIV-1 IN selects host target sites. into many different host sites in an apparently nonranNonionic detergent lysates of HIV-1 virions are capadom fashion, possibly preferring DNase I-hypersensitive ble of inserting the termini of two separate 469-bp retrovisites (Sandmeyer et al., 1990) . Preferential integration of rus-like DNA donor molecules (bimolecular donor reacviral DNA into these hypersensitive sites may be the tion) into a circular DNA target (2867 bp) producing linear result of selection bias (Withers-Ward et al., 1994) .
3.8-kb recombinants (Goodarzi et al., 1995) . Sequence In vitro, purified PIC from several retroviruses including analysis of individual donor-target junctions demonhuman immunodeficiency virus type-1 (HIV-1) have the strated that the integration reaction produced the HIV-1 capacity to perform the full-site integration reaction with 5-bp duplication. The linear 3.8-kb DNA also contained Mg 2/ (Brown et al., 1987; Farnet and Haseltine, 1990) . a minority population of recombinants that had small deletions at the host integration site.
In this report, we present information on 193 donor- tors. We demonstrate that host target site selection and the types of recombinants (duplications or deletions) appear to be independent of assay conditions. Sufficient donor-target recombinants were sequenced to allow base preference analyses of the full-site (concerted) integration sites.
MATERIALS AND METHODS
HIV-1 purification and nonionic detergent lysis HIV-1 (LAV strain) was harvested from virus-infected CEM cells and purified by equilibrium sedimentation on sucrose gradients. The virus was concentrated by pelleting onto sucrose cushions and stored in a buffer containing 10 mM Tris -hydrochloride (pH 7.5), 0.1 M NaCl, and 0.1 mM EDTA at 070ЊC. The standard concentration of virus protein for lysis was 0.4 mg/ml. For   FIG. 1 . BglII restriction analysis of donor-target recombinants prolow-salt lysis, the virus was lysed on ice for 5 min in duced by lysed HIV-1 virions. The conditions for standard low-salt nonionic-detergent lysis of virions, preincubation, and strand transfer assay a buffer consisting of 0.03 M NaCl, 25 mM HEPES were used as described under Materials and Methods. The donor was (N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid) H-5 which contains two U5 LTR termini. The reaction was for 15 min buffer (pH 7.6), 0.1% Triton X-100, and 1 mM dithiothreiwith 2 mg of viral protein. Ten percent of the reaction was subjected tol (DTT) (Goodarzi et al., 1995) . For high-salt lysis, the to electrophoresis on a 1.5% agarose gel. Lane 1 contains a linear 3.4-NaCl concentration was 0.3 M.
kb DNA marker. Lane 2 contains the products produced using standard reaction conditions. The locations of the linear 3.8-kb DNA and the circular half-site DNA products are illustrated on the left. The asterisk
Labeling of donor molecules for strand transfer
identifies an unknown donor-target recombinant (Goodarzi et al., NdeI digestion of pUC19 plasmids containing retrovi-1995). The DNA products in lane 2 were digested with BglII (lane 3). The BglII digestion products are identified on the right. rus-like DNA yielded a 468-bp restriction fragment for donor H-2 that contained the U5 and U3 LTR termini and a 469-bp fragment for donor H-5 that contained two U5 et al., 1995) . The H-5 or H-2 donors contained the supF LTR termini (Goodarzi et al., 1995) . Both donors were gene which allowed for the genetic selection of individual dephosphorylated and 5 end-labeled using [g-32 P]ATP linear donor-target recombinants. Scale-up reactions and T4 polynucleotide kinase. The specific activities of were or were not digested with BglII for isolation of linear the labeled DNAs were between 10,000 to 20,000 cpm/ 3.3-or 3.8-kb recombinant DNA, respectively. The BglII ng. Supercoiled pGEM was used as the target substrate. digestion of the DNA products produced by the integration reaction resulted in four linear products plus circular Strand transfer conditions half-site products (Fig. 1) . BglII digestion of isolated linear The standard assay reaction conditions were 20 mM 3.8-kb DNA produces only the four linear products with HEPES (pH 7.6), 5 mM DTT, 10 mM MgCl 2 (or 1 mM the two 3.3-kb products comigrating (Goodarzi et al., MnCl 2 ), 12% dimethyl sulfoxide, 5% polyethylene glycol 1995). Upon isolation of the linear 3.3-or 3.8-kb DNAs 8000, and NaCl at either 30 (low-salt assay) or 60 mM from agarose gels, the ligated DNAs were used to isolate (high-salt assay) (Goodarzi et al., 1995) . Low-salt lysis of donor-target recombinants using Escherichia coli virus was always used with low-salt assay conditions CA244 cells (Vora et al., 1994) . The CA244 cells contain and high-salt lysis of virus was always used with highamber mutations for Trp biosynthesis and for LacZ exsalt assay conditions. The preincubation step included pression (Brenner and Beckwith, 1965) . One additional the simultaneous mixing of donor and target with lysed genetic selection system was used to investigate virions on ice for 12 min in 20-ml aliquots. The viral protein whether the selection system influenced what donorconcentrations in the assay mixture were usually betarget recombinants were ultimately isolated. E. coli tween 1 and 2.5 mg per assay. The amount of donor and (MC1061/p3) (supplied by Dr. Henry Huang or Invitrogen) pGEM per assay were 60 and 100 ng, respectively. The can also select for vectors that encode the supF gene. strand transfer reactions were at 37Њ for 10 to 20 min.
In MC1061 cells, the large low-copy-number p3 plasmid is kanamycin resistant but has amber mutations in its Analysis of donor-target recombinants: Genetic ampicillin and tetracycline genes (Lutz et al., 1987) . The selection of linear 3.3-or 3.8-kb DNA recombinants donor-host junctions of individual donor-target recomand base preference of host site sequences binants were sequenced. The host site duplications, the flanking host sequences The DNA products produced by HIV-1 virions were analyzed as previously described (Vora et al., 1994 ; Goodarzi adjacent to the duplications, and the small-size target deletions were analyzed as previously described (Fitzthe base triplet frequencies in the DNA. The probability, P, of chance occurrence of a deviation from expectation gerald et Fitzgerald and Grandgenett, 1994) . Several Poisson analyses were performed. Briefly, a greater or equal to that observed was calculated as described (Tanizawa et al., 1993) . A few sites that were too Poisson analysis was done on the distribution of all 5-bp duplication sites mapping between nucleotides 1960 close to the ends of pGEM were not taken into account because our analysis encompasses 26 positions up-and to 2867 of pGEM (Table 4) (Fig. 2) or on the entire pGEM genome that was available for genetic selection (data downstream of the analyzed position. not shown). Deviation from a Poisson distribution indicates that the insertion events do not occur as a random RESULTS Poisson process. The target was subdivided into 50-bp Production of linear 3.8-kb donor-target intervals (Table 4 ) and the number of 5-bp host duplicarecombinants by IN from HIV-1 virions tion sites in each region was determined. The observed integration frequency was compared with the expected Nonionic detergent lysates of HIV-1 virions have the capacity to pair the termini of two separate retrovirusfrequency, assuming a Poisson process, by using a x 2 test. No donor insertions were identified between nucleolike DNA restriction fragments (Goodarzi et al., 1995) . This pairing results in the concerted insertion of the two tides 400 and 800 and nt 1100 and 1960 of pGEM. These two regions contain the origin of replication and the Amp-H-5 donors by IN into a circular target producing linear 3.8-kb recombinants (Fig. 1 , lane 2). BglII digestion of the resistance genes, respectively.
Base preferences for the duplication and the deletion linear 3.8-kb DNA produced three linear fragments of 2.9, 3.3, and 3.7 kb in length (Fig. 1, lane 3) . Because the sites were analyzed as described previously (Tanizawa et al., 1993) . This analysis was performed using a local donors can be inserted into pGEM in two orientations, two 3.3-kb-size fragments were produced by BglII digescomputer program. Briefly, the bases 3 and 5 from the beginning of the analyzed duplications and deletions are tion. Insertion of only one donor terminus per target (halfsite reaction) by virion lysates produced circular half-site numbered 01 and /1, respectively. Sites of duplication and deletion are aligned. The nucleotide sequence bias recombinants (Fig. 1, lane 2) . BglII digestion of the circular half-site recombinants produced either ''A'' or ''B'' type resides in the difference between the number of instances of each base observed at each position and the structures containing long or short H-5 LTR fragments protruding from pGEM, respectively (Fig. 1, lane 3) . The number of instances of that base to be expected from tide. These sequence data suggest that the 5 2-base AT overhang of the donor was not removed by bacterial a Information from the present study was combined with data in repair mechanisms and, therefore, subsequently dupliwhich 87 recombinants were reported (Goodarzi et al., 1995) . 
Small-size deletions contain repetitive patterns
The types of deletions observed with the donor-target major DNA product migrating slower than the circular recombinants containing the small-size deletions were half-site product contains two or more nonadjacent donor independent of the assay conditions tested (Tables 1 and  insertions per target (Fig. 1, lane 2) (Vora et al., 1994) .
2). The deletions observed appear to be the result of half-site integration events on opposite strands of the Production of host site duplications by virion IN under DNA target (Bushman et al., 1990) . Deletions smaller than different assay conditions 17 bp were never observed. The spacing between the From five independent experiments, a total of 193 indidifferent-sized deletion sets was Ç10 bp (Tables 2 and  vidual recombinants were isolated from the linear 3.8-kb 3). Most of the small-size deletions were either in the DNA and they were sequenced. The data on the donor-17-to 20-bp or 27-to 29-bp sets. The Mg 2/ reactions target recombinants that were isolated with either the produced larger deletions than the Mn 2/ reactions (Table  CA244 or the MC1061/p3 genetic selection systems are 2). The majority of the deletion recombinants in the presshown in Tables 1 and 2 . The assay conditions are also ence of Mn 2/ were 18 bp but were equally distributed shown in both tables. All of the clones were derived from between 17 and 18 bp with the Mg 2/ reactions (Table independent integration events and did not represent duplicate clones. Two sets of identical recombinants (94%) and with the low-salt lysis and assay reactions using Mn 2/ (87%). We did not attempt to isolate donora Information from the present study was combined with data pretarget recombinants using the high-salt lysis and assay viously published (Goodarzi et al., 1995) , with only the Mg 2/ , low-salt conditions in the presence of Mn 2/ . In summary, the data lysis, and assay data unchanged in this table. Note the repetitive pattern of the 17-to 20-bp and 27-to 29-bp set to the 47-to 51-bp and demonstrate that the frequency of the full-site integration 59-to 61-bp set as well as the Ç10-bp distance between all deletion reactions producing 5-bp duplications was high under sets.
our assay conditions.
b Assay conditions are the same as described in Table 1 .
The other duplication recombinants that were proc From all the data sets, there were six larger size deletions ranging duced in addition to the specific 5-bp duplications (Table   in size from 91 to 580 bp with no apparent distribution favored on pGEM under the three assay conditions investigated.
1) were two 7-bp, five 6-bp, two 4-bp, two 3-bp, one 2- lines). The origins of nine deletions also mapped to this general 50-bp region (Fig. 2, bottom two lines) . The G/C 3). Seventy-five percent of the deletions were either 49 content of this 50-bp region for strand transfer is 68% or 50 bp in the 47-to 51-bp set. In summary, HIV-1 virions (Fig. 2) , while the overall G/C content of pGEM is 50.1% can produce recombinants with small-size deletions.
( Grandgenett et al., 1993) . However, the mere presence Such deletions exhibit a 10-bp periodicity.
of a high G/C content is not the sole determinant for selection of sites for strand transfer. For example, the G/ Host site selection is apparently not influenced by the C content for nucleotides 2240 to 2300 of pGEM is 75% use of different assay conditions but this region contained few duplications or deletions.
The results suggest that either DNA sequence or genetic We next determined whether assay conditions affected where HIV-1 IN inserted the donor DNA on the pGEM selection, or both, may be responsible for the observed increase in the number of recombinants mapping to this target. Only the data from recombinants selected with the CA244 system are presented here. The MC1061 sys-50-bp region of pGEM. Could the observed bias for insertion of the donors tem will be discussed below. Both the HIV-1 5-bp duplications and the small-size deletions were mapped on into either the 50-bp region (2433 to 2483) or the even larger region between 2285 and 2585 that encompasses pGEM, with only the region from nucleotides 1960 to 2867 shown in Fig. 2 . Under all three assay conditions the 50-bp region (Fig. 2) be due to the genetic selection process? There were 43 5-bp duplications (plus 10 other tested (Table 1) , there was no apparent preference for host integration sites with recombinants containing eitypes of duplications) and 23 small-size deletions that occurred within these 300 nucleotides. There was an ther duplications or deletions, mapping between nucleotides 0 to 400 and 800 to 1100 of pGEM (data not shown).
approximately threefold higher probability (8 bp per inserBetween these two regions, there were 26 recombinants containing 5-bp duplications and 7 recombinants con- space (2433 to 2483 of pGEM, Fig. 2 ). The total x 2 with 9 degrees of line (Fig. 2) . There was no apparent difference in host freedom is 102.64 (P õ 0.001). were used as substrates or under any of the three assay tion event) for host site duplication events occurring in this region than in any other 300-bp region of pGEM that was accessible to both strand transfer and genetic selection. The orientation, the location, and the size of the inserted donor in the replicating plasmid may affect the expression of the supF gene, thereby affecting the selection process. As shown in Fig. 2 , the orientations of the supF gene were nearly equal as indicated by the direction of the triangle (duplications) or square (deletions) flags, and therefore orientation appears not to play a significant role in the selection of the recombinants in CA244 cells. Deletion of various amounts of pGEM sequences (Fig. 2, bottom two lines) created at the donor-target junction sites also did not apparently affect the replication of the recombinant plasmid. Even though exists that the replication of these plasmids in CA244
as described (Tanizawa et al., 1993) .
cells can be rescued more efficiently than plasmids containing insertions or deletions in other regions of pGEM.
though selection biases exist at the genetic level, the Genetic selection can affect what regions of pGEM small number of nucleotides (Ç5 to 10) at the point of allow replication of donor-target recombinants insertion was likely chosen from a large pool of allowable We investigated whether another genetic selection sites. Duplication sites were aligned and analyzed as system, MC1061/p3 instead of the CA244 system, described previously (Fig. 3) (Tanizawa et al., 1993) . The would influence the regions of pGEM preferred for intenucleotide G is preferred at position 5 (last base of the gration and subsequent plasmid replication. A strong duplication). Probability analysis of all the sites showed selective effect for recombinants was observed with that at both ends of the duplications (positions /1 and the MC1061/p3 cells. Linear 3.8-kb DNA was produced /5), the preference of G/C vs A/T was significant (P õ using the H-5 donor and the high-salt lysis and assay 0.001 for position /5; P õ 0.05 for position /1). Exclusion conditions with Mg 2/ . The isolated DNA was transof A was observed at position /5 and 8 bases downformed into MC1061 cells and 55 donor -target recomstream, at position /13. Exclusion of T was observed at binants were isolated and sequenced. Ninety-five perposition 01 and 8 bases upstream, at position 09. The cent of the recombinants mapped on the circular map tendency to exclude T at position 01 was shown by of pGEM from nucleotide 2818 through the polylinker seven occurrences of T at this position when the exsite to 343 (data not shown). There were 34 5-bp duplipected frequency was 23.6. The similar spacing between cations (no other duplication sizes were observed exthe upstream A exclusions and the downstream T exclucept 1 0-bp event) and 21 small-size deletions which sions is noticeable. Alignment of the deletions did not maintained the Ç10-bp periodicity between the delereveal any significant bias. Together, these results sugtion set (Table 2 ). In contrast to the recombinants isogest limited base sequence preferences at the sites of lated from the CA244 system, the orientation of the integration. supF gene (either the duplications or deletions) in MC1061 cells was preferred in a specific direction by DISCUSSION a 7 to 1 margin (Aiyar et al., 1996) . The MC1061/p3 data demonstrate that genetic selection can play a
The biochemical mechanisms involved in the full-site (concerted) integration of HIV-1 DNA are poorly undersignificant role in defining where donor molecules are inserted and ultimately selected. However, the kinds stood. With retrovirus-like DNA donor substrates, HIV-1 IN in nonionic detergent-lysed virions appears to ranof recombinants (duplications or deletions) obtained with either of the above genetic selection systems domly select host target sites on supercoiled DNA for full-site integration in vitro. The fidelity of the full-site were similar.
reaction for the HIV-1 5-bp duplication is high with sevSequence analysis of the DNA flanking the integration eral assay conditions. A preference of G/C nucleotides and deletion sites at the site of strand transfer is apparent and a dyad symmetry appears to exist immediately outside of the We wanted to analyze the primary sequences favored or disfavored for the HIV-1 5-bp duplication events. Even duplication.
Like the reverse transcriptase, the number of IN subis caused simultaneously under our assay conditions. Deletions smaller that 17 bp were never identified, sugunits per virus particle is Ç100-150 copies. Assuming that IN is associated with viral RNA, the possibility exists gesting that an initial spacing event was required. From the literature, there appears to be several possibilities that IN may oligomerize on RNA in discreet units instead of being independent molecules. During or following resuggesting that a protein oligomer may be involved in the 17-bp spacing. HIV-1 virions contain multiple copies verse transcription, IN must transfer from RNA to the LTR DNA termini. The structure and number of IN subunits of NC. Recombinant HIV-1 NC bind cooperatively to large-size DNA fragments similar in size to our pGEM complexed to the LTR termini capable of performing the coordinated 3 OH trimming reaction (Goff, 1992) and target (Lapadat-Taposlky et al., 1993) and can unwind DNA (Tsuchihashi and Brown, 1994) . The small-size deleconcerted insertion of the two DNA termini are unknown. IN in HIV-1 virions, following lysis and the simultaneous tions in our study could be simply created by IN-donor half-site reactions at the ends of different-sized virion NC preincubation with added donor and target DNA, effectively promotes the full-site reaction using two donor mololigomers bound to pGEM. Alternatively, the ordered deletions may be the direct ecules ( Fig. 1) (Goodarzi et al., 1995) . The results suggest that this transfer process may the presence of either Mg 2/ or Mn 2/ varying in size from dimers to trimers, to tetramers, and to structures conbe similar to what occurs in nucleoprotein complexes upon completion of reverse transcription in vivo.
taining Ç10 IN monomers (Engelman et al., 1993; vanGent et al., 1993; Ellison et al., 1995;  Pemberton et In vivo, the majority of retrovirus DNA integration events result in the correct host site duplication which al., 1996; Wolfe et al., 1996) . AMV IN purified from virions also has the ability to oligomerize on LTR DNA whose is specific for each virus species (Varmus, 1983) including HIV-1 (Stevens and Griffith, 1996) . In vitro, HIV-1 virion interactions displayed nucleosome-like characteristics as shown by DNase I footprint analysis (Misra et al., lysates produced the correct host site duplication but also produced donor-target recombinants which con-1982). Possibly, HIV-1 IN in virions may transfer to target DNA whereupon donor DNA is inserted only at the ends tained small-size host site deletions (Table 1) . Our HIV-1 in vitro integration system involved the simultaneous of the IN oligomers whose sizes vary by defined units. Several different retrovirus systems including murine preincubation of donor and target prior to initiation of catalysis. The simultaneous preincubation of donor (linleukemia virus PIC isolated from virus-infected cells (Pryciak and Varmus, 1992) and AMV IN with linear 3.4-ear 3.4 kb) and target (l phage) substrates together with AMV IN can also result in a minority population (õ2%) of kb donor DNA substrates Fitzgerald and Grandgenett, 1994) have demonstrated that host small-size host site deletions, with the smallest deletion being 12 bp sequence biases exist at or near the site of insertion for the full-site reaction. We analyzed the host sequences Grandgenett, 1994). Preincubation of AMV IN with a linear 478-bp donor in the presence of high salt (200 to 330 at and surrounding the HIV-1 5-bp duplications (Fig. 3) . The present findings are in agreement with the previously mM NaCl) and aprotic solvents (dimethyl sulfoxide or 1,4-dioxane) followed by the addition of target for catalysis reported bias for preference of G/C at the sites of strand transfer (positions /1, /5) . The nearly eliminates the production of target deletions (õ1%) and only the correct host site duplications are calculated G/C content of 46 integration sites identified in HIV-1-infected cells for the 5-bp duplication is 65, 35, produced (Vora et al., 1994; Vora and Grandgenett, 1995) (data not shown). We are currently testing whether the 39, 35, and 56%, respectively (Stevens and Griffith, 1996) . Host sequences immediately outside of the in vivo 5-bp preincubation of only the HIV-1 donor substrate with lysed virions followed by the addition of target for catalyduplications were not reported, although a consensus sequence of GTA(A/T)(T/C) for the duplication was detersis will also allow for the production of the HIV-1 5-bp duplications but minimize the production of deletions asmined. We find no strong preference but rather exclusion of T at positions 01 and 09 and A at positions /5 and sociated with linear 3.8-kb DNA.
The mechanisms involved in the production of the spe-/13. The fact that this is a symmetrical pattern with an 8-base interval between the A's or T's is suggestive. cific small-size deletions associated with the linear 3.8-kb DNA are unknown. The two half-site donor reactions Nevertheless, it should be pointed out that these preferences are relatively weak and that the probability values per circular target which are necessary for producing the deletions would suggest that this DNA product must remain relatively low (10 02 -10 03 ) when compared with the base sequence preferences observed with DNA tomigrate slower than the circular half-site product with only one donor insertion per target molecule (Fig. 1) . The poisomerases where probabilities are less than 10 05 -10 010 (Tanizawa et al., 1993) . These results would actwo-donor reaction required per target for the deletions may produce an unstable DNA structure that is converted count for the large number of insertion sites observed and for the relatively nonselective integration requireto linear 3.8-kb DNA upon handling or the linearization FULL-SITE INTEGRATION BY HIV-1 VIRION INTEGRASE of retroviral DNA in vitro: Effect of CpG methylation. Proc. Natl. Acad.
ments. The dyad symmetry of the base occurrence is
Sci. USA 89, [5532] [5533] [5534] [5535] [5536] consistent with full-site integration involving two IN strucLapadat-Taposlky, M., Rocquigny, H. D., van Gent, D., Roques, B., Plastural units attacking the target DNA, one at each end of terk, R., and Darlix, J.-L. (1993 
